Abstract. The renal corpuscles of 28 specific-pathogen-free Wistar rats fixed by perfusion were examined light microscopically and morphometrically following experimental protracted neurotoxin shock. The mean diameter of the center sections of 420 renal corpuscles was 1 13.0 pm. The mesangial portion occupied 9.5% of the total area of the renal corpuscle in control rats and increased to a maximum of 17.25% in experimental rats. The number of mesangial nuclei per renal corpuscle in rats with protracted shock showed that expansion of the mesangium with compression of capillary loops was not caused solely by an increase in the number of cells. Furthermore, there was an enlargement of the mesangial cytoplasm and matrix. Activation and proliferation of connective tissue in rats with protracted shock could be observed in the interstitium of various organs as well as in the mesangium of the glomerulus.
. The rats received one to four neurotoxin injections in the tail vein. The concentration of 0.06 ml neurotoxin corresponded to a 12 lethal dose50 mouse, per animal and injection. The control rats received the same volume in one to four injections of physiologic saline solution. The Wistar rats were anesthetized intraperitoneally using ketamine/xylazine. Following centesis of the heart, the vascular system was irrigated via the aorta with physiologic saline at 37°C at a constant pressure and then fixed by perfusion with a glutaraldehyde solution (5%). The kidneys were removed immediately. We took 15 to 20 blocks (about 1 mm thick) from the middle cortical stratum of the transversely divided kidneys. The blocks were futed in cacodylate-buffered 5% glutaraldehyde, pH 7.2, washed several times in cacodylate buffer, postfuted in 1% osmium tetroxide, washed several times in the same buffer, and dehydrated in graded alcohol. The tissue samples were embedded in Epon 812 (Serva, Heidelberg). Five to six semithin sections (0.5 pm) per block were cut and stained with toluidine blue. Only the center sections of the renal corpuscle in which the vascular pole (afferent and/or efferent arteriole) was present were considered for the planimetric measurement. The tubular pole also was visible in some sections. These restrictions provide better comparison and statistical accuracy, even when greater mesangial portions are present. No glomeruli with artifacts and technique defects, such as fissures or an incomplete Bowman's capsule, were used. Sections with visible polar arterioles having only a few capillary loops, corresponding in size to the extreme tangential sections were not measured. We used a semiautomatic planimeter (MOP/AM 03, Kontron, Eching, W. Germany) for the quantitative evaluation. The sectioned area of the renal corpuscle, the corresponding mesangium area, and the mesangial nuclei count were determined. The measuring plate of the planimeter was reflected into the microscopic field with a drawing tube. The cursor was made visible with a red light source. We used oil immersion at a magnification of 1260: 1.
As delineation of the area of the glomerulus capsule, we chose the inner cell surface of the parietal epithelium facing the Bowman's space. Approaching the region of the afferent/ efferent arteriole or the tubular pole, the shortest connection between the interrupted glomerulus capsule was chosen as a limiting boundary. The corpuscular area was viewed as a circle and then the diameter and corpuscular volume were determined.
The mesangial cells and matrix in the intercapillary area of the glomerulus appeared darker blue with toluidine blue than the visceral epithelial cells and the endothelium. Localization and structure of the cell borders as well as the adjoining basement membrane served as further identification of the mesangium. In the intercapillary area, the mesangium border was clear. The mesangium border was less clear when the mesangium was in direct contact with an endothelial cell. In this case the extension line of the capillary basement membrane was measured. The circumscribed mesangial "islands" in each glomerulus were added together automatically and the nuclei in the mesangium were counted.
The mean values and standard deviations were established for each test group and each parameter. We did an analysis of covariance to rule out the influence of the different body and kidney weights (x-variables) on the individual parameters (y-variables). As y-variables we had the diameter, volume, and area of the rend corpuscle, the mesangium area, mesangial nuclei count, mesangial nuclei count/ 1000 pm2 corpuscle area and the mesangial nuclei count/ 1000 pm2 mesangium area. Student's t-test was employed to find the significance of corrected differences of each group.
A total of 120 renal corpuscles were evaluated in control rats. The mean body weight increased from 175 g to 189 g at perfusion. A total of 300 renal corpuscles were measured in the shock rats. The mean body weight of the shock rats decreased from 185 g to 172 g at the time of perfusion (table 11) .
Results
The glomeruli of the toluidine-blue-stained semithin sections taken from the control rats revealed a small mesangium. Most of the sections revealed a predominantly axial distribution of the mesangium (fig. 1) ; the mesangium generally was one cell wide. The glomerular capillaries with the mesangium formed a meshwork inside the Bowman's space. This space was never completely filled by the glomerulus, even following perfusion. The endothelial cells were visible only as very small bands with their nuclei predominantly located near the adjoining mesangium. the visceral epithelial cells (podocytes), with narrow cellular protrusions, had less contrast and appeared lighter than the mesangium in the toluidine-blue staining. The glomeruli of the shock rats receiving only one E. coli neurotoxin injection had a focal enlargement of the periperhal mesangium ( fig. 2 ). The endothelial cells were similar to those found in control rats. With the exception of single erythrocytes, the capillary lumina of the glomerulus had no cells nor plasma constituents. Microthrombi rarely were seen in rats fixed by perfusion following protracted shock. Light microscopically, the visceral and parietal epithelial cells, the glomerular capsule, and the Bowman's space showed no deviations.
A distinct mesangial enlargement was seen in most glomeruli of the shock rats after two, three, and four E. coli neurotoxin injections. The axial mesangium was widened and extended partially into the periphery ( fig. 3) . The exent of this widening (compared within and between groups) could not be assessed semi-quantitatively. Estimating the mesangial content was difficult since the mesangium islands varied in size and position in each section. The mesangial area varied considerably in the glomeruli of a single rat. Light microscopically, the endothelial cells and the visceral and parietal epithelium, as well as the glomerular capsule, usually were unchanged. Occasionally there was an enlargement of the cytoplasm in podocytes ( fig. 3) . The Shock duration = time span between first neurotoxin injection and killing. capillaries had smaller lumina and proteinaceous substances were found in the Bowman's space.
The morphometric measurements of the renal corpuscles of the control group showed an area of 10625 pm2. This corresponded to a mean diameter of 115.5 pm and a mean volume of 839 X lo3 pm3. The shock rats had a mean area of 10023 pm', a mean diameter of 112.1 pm, and a volume of 774 x lo2 pm3.
In our analysis of covariance of area, diameter, and volume of the renal corpuscles, we found no significant difference between control and shock groups. In addition, no correlation of the area, diameter, and volume to the body weight of the rats at time of killing could be detected. We calculated a mean diameter of 113.0 pm for the renal corpuscles of all Wistar rats with a mean body weight of 177.6 g. The corresponding mean area was 10195 pm2 and the mean volume was 792 X lo3 pm2.
The mean mesangial area in the control rats was 1001 & 128 pm2 corresponding to a mean percentage of 9.5 & 0.43% of the renal corpuscle area. In absolute terms, the mesangial area increased with the increasing number of neurotoxin injections (table  11) . The mean (percentage) mesangial volume of the shock rats with one neurotoxin injection increased to 11.52%. For the shock rats with two neurotoxin injections, we calculated 16.10%. A maximum of 17.25% was reached following the third neurotoxin injection. The mean (percentage) volume of mesangium in the shock rats receiving a total of four neurotoxin injections was 15.75% (table 11). A possible cause for this slightly lower value was the shorter duration of shock in this group. The results show that the mesangial increase was dependent on the number of toxin injections and the shock duration.
The mean mesangial nuclei count of the control rats was 14.37 f 1.76. We had values from 15.5 k 1.73 to 17.75 f 2.98 for the shock group. To provide a better comparison between the number of mesangial nuclei of each renal corpuscle section, we expressed the nuclei count per 1000 pm2 corpuscular area. Thus, 1.36 f 0.12 mesangial nuclei were found per 1000 pm2 corpuscular area in the control rats. The increase to 1.5 1 k 0.16 nuclei in the shock rats with one neurotoxin injection was not significant. The further increase to 2.04 f 0.25 nuclei in the shock group with two neurotoxin injections was significant relative to the control group (p < 0.001) and to the shock rats with one neurotoxin injection (p < 0.01). The shock groups with three and four neurotoxin injections also were significant (p < 0.05) in relation to the control group (table 11) .
Further information concerning the reaction of the mesangium in experimental protracted shock were obtained when the mesangial nuclei count was calculated for a 1000 pm2-sized mesangial area. In such a unit area, 14.37 f 0.91 mesangial nuclei were found in control rats. A decline to 13.14 f 0.89 nuclei in shock rats with one neurotoxin injection was not significant. The continued decrease to 12.60 f 1.34 nuclei (two injections) was significant (p < 0.05). The value sof 9.75 -+ 0.50 and 10.50 * 1.91 following three and four neurotoxin injections were highly significant (p < 0.01).
Discussion
This study showed the expansion of the mesangium in the renal corpuscles of control and shock rats fixed by perfusion. As shown by the analysis of covariance, the mean diameter of the renal corpuscle showed no differences between the control and shock rats. Our measured diameter complies with the range of 100 to 130 pm given for Wistar rats [ 15, 20, 271 . The mesangium in control rats was generally only one cell in width and did not extend into the periphery of the glomerulus. The mesangial portion of the area of the renal corpuscles amounts to 9.5 f 0.43%.
Kidneys of normal guinea pigs fixed by immersion have a mean area of 7.42% [30] , and mice have a value of 7.5% [29] . A mean mesangial area of 11.1% was found in six to eight-week-old pigs fixed by perfusion [4] . Data [28] showed that the mean mesangial content of 10.1% in polar sections of man is higher than the mean mesangial content (8.5%) of the other glomerular sections. Others determined a mesangial content of 7% in healthy glomeruli of man [6, 81. Our value of 9.5% obtained only from polar sections in normal Wistar rats can be viewed as a mesangial content of the upper range. The few electron microscopic evaluations of the glomerulus show a higher mesangial content in the renal corpuscles. Others ascertained a mean mesangial content of 18.66 f 0.55% in Wistar rats [15] and a mesangial content of 16.5% in man [ 141. The difference between these results and light microscopic results can be explained since the narrow cellular protrusions of the mesangium and the exact delineation of the mesangial matrix cannot be measured precisely using light microscopy. Material fixed by immersion also has been analyzed. The evaluations of others [7, 251 and our own measurements reveal that poorly perfused kidneys and kidneys fixed by immersion can have distinctly enlarged mesangial cells.
In protracted shock, only a few morphological and morphometric findings concerning the glomerular mesangium are available. In hypovolemic and histamine shock with increasing hypotension, Huth [5] observed a protrusion of hydropic mesangium cell processes into the capillary lumen. Others [26, 321 reported a mesangium widening in anoxic and ischemic conditions of the kidney and mesangial cell hyperplasia in the endotoxin shock of the rat [9] . In experimental neurotoxin shock of six-to eight-week-old pigs fixed by perfusion [4] , the author used morphom-etry to ascertain a mesangium area of 19.6%; hence, the mesangium area of the renal corpuscle increased by 8.5%. Similar results were found in the rat, which is less sensitive to neurotoxin. The mesangium content in our study increased from 9.5% to a maximum of 17.25% [16] . The distinct widening of the axial mesangium with the extension of mesangium cells and matrix into the periphery of the glomerulus was not visible in all glomeruli.
The nuclei count of the mesangium area indicated that the increase in volume was not due to cell volume increase only. A 1000 pm2 corpuscular area in the control rats had a nuclei count of 1.36; the same area in the shock rats had a maximum of 2.04 nuclei. In pigs, the mesangial nuclear count per corpuscular area follwing protracted shock increased on the average from 8.47 to 9.4 nuclei [4] . This result is supported by the autoradiographic investigation with tritiated thymidine. The decrease of the mesangial nuclei count from 14.67 (control) to a minimum of 9.75 nuclei (third neurotoxin injection) in a 1000 pm2 mesangium area, with a simultaneous increase of the mesangium and the absolute nuclei count, indicates an increase of the mean area surrounding each mesangial nucleus. The electron microscopic evaluation of the glomerulus following protracted neurotoxin shock in the pig revealed that the cytoplasm of the mesangium cells was enlarged distinctly [4] . An increase of ribosomes, the rough endoplasmic reticulum, the mitochondria, and lysosomes was detected. The mesangial matrix, containing osmiophilic depots in some instances, also was enlarged and narrrowed the capillary loops which showed no alteration.
A systemic reaction of connective tissue leading to fibrosis can be observed in protracted shock of man and animals [2, 3, 11, 12, 17, 18, 211 . The initiating factors are not known. Others proved that lymphatic fluid taken from shock pigs stimulates the proliferation of fibroblast cultures [ 191. Furthermore, in several glomerulopathies, an increase of fibronectin can be detected in mesangial cells [31] . Thus, the blood plasma in disseminated intravascular coagulopathy shows a decrease of this glycoprotein [13] . It has yet to be clarified to what extent cell enlargement and cell proliferation of the mesangium in protracted shock can be attributed to fibronectin.
